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The budding of transport vesicles from the Golgi
complex is initiated by activation of the small GTPase
ARF; the discovery of enzymes that can convert soluble
ARF–GDP to the active, membrane-associated form
ARF–GTP will shed light on the mechanism and
regulation of the formation of transport vesicles.
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ADP-ribosylation factors (ARFs) are ubiquitous, small
GTPases that play an important role in the secretory
pathway of eukaryotic cells [1]. Like other Ras superfam-
ily members, ARFs interconvert between an inactive,
GDP-bound form and an active, GTP-bound form via a
cycle of nucleotide exchange and subsequent hydrolysis.
The formation of transport vesicles from the Golgi
complex is thought to be initiated by the activation of
ARF at the Golgi membrane surface, which serves to
trigger recruitment of the cytoplasmic coat proteins that
are crucial to the physical process of vesicle budding [2].
To understand how vesicle coats are assembled at the
right time and place on the Golgi membrane surface, it
thus seemed essential to identify the enzymes that acti-
vate ARF. An important step towards this goal came from
the observation that the fungal metabolite Brefeldin A
(BFA) interferes with coat formation by blocking mem-
brane-catalyzed ARF nucleotide exchange [3–5]. Several
groups then searched for BFA-sensitive, ARF nucleotide-
exchange activities, but biochemical approaches were slow
to reveal such a protein target of BFA. Now a genetic
approach, using the budding yeast Saccharomyces cerevisiae,
has led to the successful identification of two yeast ARF
nucleotide-exchange factors [6].
Peyroche et al. [6] took advantage of the fact that yeast
strains expressing an ARF mutant that binds GDP in
preference to GTP are cold-sensitive for growth. Reason-
ing that increased nucleotide-exchange activity would
rescue the cold-sensitivity, they looked for genes that,
when overexpressed, would suppress this phenotype. Two
related yeast genes, GEA1 and GEA2 [6], have precisely
this property, and recombinant Gea1 protein catalyzes
nucleotide exchange on ARF in vitro. Further support for
the physiological relevance of the newly identified gene
products comes from their sensitivity to BFA and also
from the observation that strains carrying a temperature-
sensitive GEA1 mutation show secretion defects, as would
be expected for a factor required for ARF activation.
Neither GEA1 nor GEA2 is an essential gene, but deletion
of both genes is lethal, indicating that the proteins they
encode have redundant roles. Each has a molecular weight
of ∼160 kDa and they are 50% identical in sequence [6]. 
By searching the database with the Gea1 sequence,
Chardin et al. [7] discovered a related human protein,
which they have called ARNO, for ‘ARF nucleotide
binding site-opener’, because it also enhances ARF
nucleotide exchange [7]. With a molecular weight of
47 kDa, ARNO is much smaller than the Gea proteins,
and it is insensitive to BFA. Others have noted that, in
crude cytosolic extracts, BFA-sensitive ARF nucleotide
exchange activity occurs as a high molecular weight
complex that loses sensitivity to BFA upon further purifi-
cation [8]. ARNO may therefore act in conjunction with a
BFA-sensitive regulatory protein; the significantly larger
yeast proteins may simply have evolved to contain this
regulatory domain in a single polypeptide chain. Despite
the tremendous size differences between Gea1/Gea2 and
ARNO, these proteins are similar in sequence over an
~200 amino-acid region that is also similar to part of the
yeast Sec7 protein [9]. This so-called ‘Sec7 domain’ is
highly conserved among a number of proteins from a wide
variety of eukaryotes — for example, EMB30, an Ara-
bidopsis protein involved in cell division and adhesion, has
a Sec7 domain [10].
How is the Sec7 protein connected to ARF function?
SEC7 encodes a large (230 kDa) protein that exists in both
cytosolic and membrane-bound forms, and is required for
multiple steps along the secretory pathway [9,11,12].
Double-mutant strains harboring a temperature-sensitive
allele of sec7 and a null allele of ARF grow significantly
less well than strains harboring either of these genetic
lesions alone [13]. And overexpression of human ARF4
can rescue the secretory defects seen in sec7-4 mutant cells
[12]. Similarly, the temperature sensitive growth defect of
the gea1-4 mutant can be rescued by overexpression of
ARF [6]. Surprisingly, however, no suppression was seen
with SEC7, nor did overexpression of GEA1 suppress the
growth defect of a sec7 mutant. This suggests that Gea1
and Sec7 proteins have distinct and non-overlapping func-
tions, despite having a similar domain [6]. So what is the
significance of the Sec7 domain? 
Interestingly, the Sec7 domain of ARNO was found to be
sufficient to promote ARF nucleotide exchange [7],
although maximal stimulation required the full-length
protein. The effect of ARNO on ARF nucleotide
exchange was enhanced significantly by addition of phos-
phatidylinositol bisphosphate (PIP2). This enhancement
required the carboxyl terminus of ARNO, which contains
a pleckstrin homology (PH) domain, known to interact
with PIP2 in other protein contexts. The PH domain
might target ARNO to a PIP2-rich membrane, thereby
recruiting ARF to these sites; indeed, ARNO binds avidly
to PIP2-containing liposomes [7]. Although Gea proteins
lack PH domains, their extra sequences surely contain
important targeting information. ARF and PIP2 have met
before: ARF stimulates a Golgi-associated phospholipase
D activity, and this stimulation requires PIP2 [14]. ARF
GTPase activating protein (GAP) also requires PIP2 [15].
PIP2 has been proposed to stabilize the nucleotide-free
state of ARF, and may enhance the rate of GDP dissocia-
tion from the protein [16].
A simple model for the role of Gea proteins in triggering
coat assembly is illustrated in Figure 1. The nucleotide
state of ARF — whether it binds GTP or GDP — influ-
ences its predilection for membrane association. ARF is
amino-terminally myristoylated, and the attached fatty
acid seems to be partially buried in ARF–GDP, but fully
exposed in ARF–GTP. Accordingly, ARF–GTP is pre-
dominantly membrane associated, whereas ARF–GDP is
soluble. If nucleotide exchange is catalyzed at a specific
intracellular membrane surface, the product ARF–GTP
can insert spontaneously into the adjacent membrane [2].
Moreover, several groups have shown that ARF–GTP is
sufficient to drive membrane association of cytosolic coat
proteins [3–5]. Thus, in principle, coats may assemble on
whichever membranes contain ARF–GTP, and this
critical condition will  be determined by the localizations
of the Gea or ARNO proteins.
Near the middle of the Sec7 domains of Gea and ARNO is
a stretch of hydrophobic residues that could constitute a
binding site for ARF-attached fatty acid. One possibility is
that the Sec7 domain grabs the target GTPase by its fatty
acid tail, catalyzing nucleotide exchange by facilitating
conversion to the GTP-bound conformation. PIP2 could
activate ARNO by exposing its Sec7 domain to permit
subsequent ARF interaction. This could happen naturally
at a PIP2-rich membrane surface; the PH domain of
ARNO would bind the PIP2, concomitantly exposing
ARNO’s Sec7 domain. Such a mechanism would generate
active ARNO only when it is localized to the correct mem-
brane-bound compartment.
A more puzzling feature of ARNO’s sequence is that it
shows very high similarity to cytohesin-1, a protein impli-
cated in integrin-based adhesion processes [17]. Cyto-
hesin-1 binds to the cytoplasmic domain of b2 integrin,
and overexpression of the cytohesin-1 Sec7 domain
mimics the ability of full-length cytohesin-1 to enhance
integrin binding to the intercellular adhesion molecule
ICAM-1 [17]. However, the precise role of this Sec7
domain remains unclear. One possibility is that cytohesin-
1 interacts with ARF6, an unusual ARF family member.
Although the precise role of ARF6 is not yet clear, its
function is linked to the plasma membrane and underly-
ing actin-based cytoskeleton [18]. Another possibility is
that cytohesin-1 interacts with a distinct GTPase, such as
RhoGTPase, thereby regulating cytoskeletal function.
The identification of ARF nucleotide-exchange factors is a
major step forward in our understanding of both ARF regu-
lation and the formation of transport-vesicles. Just as excit-
ing is the assignment of an enzymatic function to an
apparently versatile module, the Sec7 domain. It remains
to be seen whether all Sec7 domains have nucleotide-
exchange activity; if they do, the GTPases with which they
interact will need to be determined. Finally, as for the
mammalian target of BFA, Vaughan and colleagues have at
last identified a 200 kDa protein that seems to comprise
the BFA-sensitive ARF exchange activity of a larger,
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Figure 1
A model for how the recently discovered Gea
protein may trigger vesicle-coat assembly by
promoting nucleotide exchange on ARF. The
ARF–GTP generated by Gea-stimulated
nucleotide exchange may jump into the
adjacent membrane by virtue of its exposed
myristoyl group. In this manner, ARF can be
delivered onto any Gea-bearing membrane.
ARF–GTP then triggers assembly of the
vesicle coat by recruiting coat proteins from
the cytosol [2].
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670 kDa complex, purified from bovine brain cytosol [19].
Moreover, tryptic peptides derived from the 200 kDa
protein reveal sequence similarity with Sec7 [19]. Thus, in
addition to ARNO, mammalian cells may also contain bona
fide Gea homologs. Additional important clues to the func-
tions of each of the Sec7 domain enzymes will surely come
from careful study of their intracelullar localizations.
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